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Abstract Clouds in the presence of absorbing aerosols result in their apparent darkening, observed at the
top of atmosphere (TOA), which is associated with the radiative effects of aerosol absorption. Owing to
the large radiative effect and potential impacts on regional climate, above-cloud aerosols have recently been
characterized in multiple satellite-based studies. While satellite data are particularly useful in showing the
radiative impact of above-cloud aerosols at the TOA, recent literature indicates large uncertainties in satellite
retrievals of above-cloud aerosol optical depth (AOD) and single scattering albedo (SSA), which are among
the most important parameters in the assessment of associated radiative effects. In this study, we analyze
radiative characteristics of clouds in the presence of wildfire smoke using airborne data primarily from NASA’s
Cloud Absorption Radiometer, collected during the Arctic Research of the Composition of the Troposphere
from Aircraft and Satellites campaign in Canada during the 2008 summer season. We found a strong positive
reflectance (R) gradient in the UV-visible (VIS)-near infrared (NIR) spectrum for clouds embedded in dense
smoke, as opposed to an (expected) negative gradient for cloud-free smoke and a flat spectrum for
smoke-free cloud cover. Several cases of clouds embedded in thick smoke were found, when the aircraft
made circular/spiral measurements, which not only allowed the complete characterization of angular
distribution of smoke scattering but also provided the vertical distribution of smoke and clouds (within
0.5–5 km). Specifically, the largest darkening by smoke was found in the UV/VIS, with R0.34μm reducing to 0.2
(or 20%), in contrast to 0.8 at NIR wavelengths (e.g., 1.27μm). The observed darkening is associated with large
AODs (0.5–3.0) andmoderately low SSA (0.85–0.93 at 0.53μm), resulting in a significantly large instantaneous
aerosol forcing efficiency of 254 ± 47Wm!2 τ!1. Our observations of smoke-cloud radiative interactions
were found to be physically consistent with theoretical plane-parallel 1-D and Monte Carlo 3-D radiative
transfer calculations, capturing the observed gradient across UV-VIS-NIR. Results from this study offer insights
into aerosol-cloud radiative interactions and may help in better constraining satellite retrieval algorithms.

1. Introduction

The presence of partially absorbing aerosols (e.g., smoke and dust) above bright surfaces (e.g., clouds and
snow) causes an apparent darkening of the underlying surface as observed at the top of atmosphere
(TOA). The apparent darkening is associated with the aerosol-induced solar absorption above bright surfaces,
and reduced scattered radiation at TOA. Darkening implies a warming effect of absorbing aerosols above
clouds, which is in contrast to the cooling effect of aerosols above dark surfaces such as vegetation cover
and ocean. Significant radiative impacts of clouds in the presence of absorbing aerosols have been observed
over several regions including the persistent stratocumulus and stratiform cloud decks in southeast Atlantic
regions [Chand et al., 2009; de Graaf et al., 2012; Meyer et al., 2013; Zhang et al., 2014; Feng and Christopher,
2015] and Southeast Asia [Hsu et al., 2003], respectively, as well as marine stratocumulus clouds off the coast
of California [Sorooshian et al., 2007].

Themarine stratocumulus layer in the southeast Atlantic, off the coast of Namibia, is often subjected to smoke
plumes advected over cloud decks during the cold dry fire burning season (August–September) in southern
Africa. Using satellite measurements from Polarization and Directionality of Earth Reflectances (POLDER)
and Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY), Peers et al.
[2015] and de Graaf et al. [2012] estimated large monthly averaged aerosol-above-cloud forcing of
23Wm!2–33.5Wm!2, with an order of magnitude larger forcing (exceeding 220 Wm!2) during episodic
events of high aerosol optical depth (AOD) and low single scattering albedo (SSA), suggesting enhanced
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aerosol absorption. From a TOA perspective, these satellite imager-based studies have focused on the above-
cloud radiative impact of aerosol absorption. The regional warming influence of aerosol absorption above
clouds has also been studied in aerosol-cloud interactions using semidirect and thermodynamic pathways,
showing changes in cloud liquid water path, cloud cover, and lower tropospheric stability [Johnson et al.,
2004; Wilcox, 2010, 2012; Adebiyi et al., 2015].

Owing to their large positive (warming) radiative effect and potential impacts on clouds and regional climate,
co-occurring clouds and aerosols have recently been characterized in multiple satellite retrieval algorithms
focused on deriving the above-cloud AOD and SSA information. Waquet et al. [2009] and Peers et al. [2015]
used polarization measurements from POLDER/PARASOL to retrieve AOD and SSA for aerosols above marine
stratocumulus clouds in the southeast Atlantic. Using UV reflectance measurements from the Ozone
Monitoring Instrument, and VIS-NIR from the Moderate Resolution Imaging Spectroradiometer (MODIS),
Torres et al. [2012], Jethva et al. [2013], Meyer et al. [2015], and Sayer et al. [2016] retrieved above-cloud
AOD over the southeast Atlantic. Due to the enhanced aerosol absorption at shorter visible wavelengths,
above-cloud aerosols cause a strong reflectance gradient from blue to near-IR spectrum, allowing their
detection/retrieval. More direct retrievals of above-cloud aerosols have beenmade possible from spaceborne
lidar data (from CALIPSO) using depolarization and color ratio measurements [Chand et al., 2008], aiding in
the assessment of above-cloud aerosol radiative impacts. Although various multisensor satellite measure-
ments have provided highly useful information about the distribution of above-cloud absorbing aerosols
and their radiative effects, significant uncertainties remain in the retrievals of both overlying aerosols and
underlying cloud properties [Haywood et al., 2004; Wilcox et al., 2009; Jethva et al., 2014; Alfaro-Contreras
et al., 2014; Kacenelenbogen et al., 2014; Meyer et al., 2013; Sayer et al., 2016]. Among the critical parameters
affecting above-cloud aerosol radiative impacts are the optical depths of cloud and the overlying aerosol
layer, along with aerosol single scattering albedo. For example, large concentrations of smoke with absorbing
aerosol (low SSA) located above optically thick clouds have been observed in causing large positive (warm-
ing) aerosol radiative forcing above clouds [e.g., de Graaf et al., 2012].

The aforementioned studies have addressed above-cloud aerosol characterization using satellite measure-
ments over the southeast Atlantic. Satellite observations certainly provide a unique vantage point to study
the extensive and persistent marine stratocumulus cloud decks and the overlying, seasonally persistent
absorbing aerosol layer. However, fully considering the radiative interactions between aerosols and clouds
would require multiple viewing/azimuthal observations (forward, backward, and side scattering) of the cloud
field occurring in the three-dimensional space.

In contrast to the satellite-based studies (focused on above-cloud characterization), here we examine cases
where clouds are embedded in smoke primarily using airborne multiangular measurements of radiances.
Airborne measurements discussed here were obtained during the Arctic Research of the Composition of
the Troposphere from Aircraft and Satellites (ARCTAS) experiment, which took place in Canada in June–
July 2008 [Jacob et al., 2010; Cubison et al., 2011; Kondo et al., 2011; Shinozuka et al., 2011; Corr et al., 2012].
The focus of this work is on measurements from NASA’s P-3B aircraft on 30 June 2008 and 2 July 2008, in
northern Saskatchewan, Canada, areas that are mostly covered by boreal forest. These flights provided
opportunities for detailed in situ observations of flaming fires, plume evolution, and vertical profiles in homo-
genous fire outflow regions [Gatebe et al., 2012]. We use radiance data obtained with a multiwavelength
scanning radiometer, Cloud Absorption Radiometer (CAR) [King et al., 1986; Tsay et al., 1998; Gatebe et al.,
2012; Gatebe and King, 2016], which provides unprecedented detail of the multiangular distribution of
radiation scattered from aerosols, clouds, and the surface. Measurements obtained during flights in the
“spiraling” mode allowed us to characterize the vertical structure of radiation interactions involving clouds
embedded in smoke.

2. Airborne Data Sets

We used measurements acquired from NASA’s P-3B aircraft as part of the June–July 2008 ARCTAS experi-
ment. The airborne experiment consisted of a suite of measurements from both remote sensing and in situ
instrumentation. Specifically, the P-3B payload included 10 primary instruments [see Gatebe et al., 2012] for
measuring aerosol optical depth, aerosol extinction and scattering, aerosol size distribution, solar spectral
(0.38–2.20μm) downwelling and upwelling irradiance, broadband downwelling and upwelling solar
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(0.20–3.6μm) and IR (4.5–42μm) irradiance, angular distribution of scattered radiation in different directions,
cloud condensation nuclei, and NO2 and carbon monoxide concentrations. Here we use calibrated multian-
gular radiances, broadband irradiances, spectral aerosol optical depths, and aerosol scattering/absorption
coefficients, based on coincident measurements from the same flights.

The multiangular radiances are obtained from CARmeasurements for nine narrowband wavelengths ranging
fromUV to shortwave IR (0.34μm to 2.3μm), with the radiance absolute accuracy of<5% [Gatebe et al., 2012].
The CAR mirror scans 360° in a plane perpendicular to the direction of flight, and the data are collected
through a 190° field of view (1° instantaneous field of view) [see Gatebe et al., 2012]. The 360° azimuthal
angles in the processed CAR data are the relative azimuth angles (φ), while the solar zenith angle and the
CAR scan/view zenith angle are denoted as θo and θ, respectively. The spectral AOD (or τ) data are obtained
from NASA Ames 14-Channel Airborne Tracking Sunphotometer (AATS-14) with AOD retrievals at 14 wave-
lengths from 0.35μm to 2.1μm [Russell et al., 1999; Shinozuka et al., 2011]. In addition, downwelling irradi-
ance measurements were made from solar and IR broadband radiometers (BBRs), which are modified
Kipp & Zonen CM-22 pyranometers and CG-4 pyrgeometers, respectively [Bucholtz et al., 2010]. The uncer-
tainty in BBR measurements has been reported to be 3–5% (http://airbornescience.nasa.gov/instrument/
BBR). Finally, information about aerosol absorption/scattering was obtained from the three-wavelength
Radiance Research Particle Soot Absorption Photometers, used to measure light absorption by aerosols at
0.47μm, 0.53μm, and 0.66μm [Clarke et al., 2007]. Using the ambient aerosol absorption and scattering
coefficients, we calculated the SSA for the midvisible region at 0.53–0.55μm, used in our 1-D and 3-D radia-
tive transfer calculations.

3. Results
3.1. Analysis of CAR Observations

Figure 1a shows satellite imagery (Aqua/MODIS) of widespread outbreaks of forest fire plumes on 30 June
2008 stretching across hundreds of kilometers over Saskatchewan, with Cold Lake (origin of flight #2016) situ-
ated just outside the southwestern edge of the region. Along with the dense smoke in clear-sky (cloud-free
regions), scattered clouds are also clearly visible as embedded in thick forest fire smoke (Figures 1b–1d). As
seen in photographs taken from the aircraft while circling around a fire outbreak, dense and optically thick
plumes of smoke are generated from the boreal forest fires (Figure 1b). A glimpse of clouds mixed with
smoke is shown in Figures 1c and 1d. As observed at the TOA in satellite imagery, smoke above clouds
appears to induce darkening in cloudy areas (where the smoke-induced enhancement in solar absorption
surpasses the enhancement in scattering), in contrast to the cloud-free smoke brightening over vegetation
(where the enhancement in scattering dominates). While significant cloud coverage is associated with after-
noon convection (Aqua overpass is at ~1:30 P.M. local time); clouds forming near the source of plumes could
be attributed to pyroconvective activity resulting in pyrocumulus (pyroCu) clouds. These were the subject of
a recent investigation by Gatebe et al. [2012], which studied the angular distribution of radiance within the
pyroCu and the multiple scattering processes therein.

Two days later on 2 July 2008, measurements from flight #2017 were obtained when the aircraft spiraled
down, allowing CAR to take multiangular measurements in 360° azimuthal directions. Details of the
flight path and observations’ summary are available from http://car.gsfc.nasa.gov/data/index.php?
id=113&mis_id=8&n=ARCTAS. The aircraft made three and a half circles at different levels above andwithin
a smoke plume. Figure 2a shows false-color imagery generated from the three CAR channels at 1.04μm,
0.87μm, and 0.47μm. This combination of red, green, and blue colors using different CAR channels helps
to visually differentiate clouds from smoke and to see through smoke and identify land surface features such
as green vegetation and dark bodies of water [Gatebe et al., 2012]. The beginning of the topmost circle is
located near the left side of the 2-D imagery, with the solar disk clearly visible in the sky. Here the x axis
indicates the time traversed during the spiraling descent, and the y axis shows the sensor view zenith angles,
where 0°–90° show the scattered radiation from sky when the sensor is looking up (0° corresponds to zenith
and 90° corresponds to the horizon). From 90° to 180°, the sensor sees reflected radiation from the surface
(180° corresponds to nadir). The altitude of the aircraft at the beginning of the topmost circle was 3030m
above mean sea level (msl) (Circle 1 mean altitude is 2700m above msl), then descended to an altitude of
950m at the end of the third circle (spiraling farther downward in the partial fourth circle).
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The intensity of scattered radiation significantly strengthened as the aircraft descended to the third and
fourth circles, where the smoke plume appears to be optically thick, suggesting that a majority of the dense
smoke is located between 1 and 3 km. Additionally, the enhanced forward scattering by smoke particles is evi-
dent, especially when viewing the solar disk, at the beginning of the third and fourth circles. Clouds are seen
toward the horizon (60°< θ< 80°, 25°<φ< 35°), which appear to be more pronounced during third/fourth
circles and may have further evolved during the spiral from Circle 1 to Circle 4, which spans a 10min period
(Figure 2a).

Figure 2b shows the angular distribution of scattered radiation due to smoke as seen by CAR (for sky,
0°< θ< 90°) at 0.47μm. The polar plot shows reflectance (R0.47μm) derived from Circle 3 for all φ from 0°
to 360°, which vary between 0.2 and 0.7. Here the CAR sensor zenith angles (θ) are plotted from the center
of the polar plot, increasing toward the periphery of the polar plot, i.e., from 0° to 90°. During the spiral,
altitude of the aircraft decreased (nearly monotonically) from the beginning of the Circle 3 at 1582m
(φ= 0°) to 950m (φ= 360°). Both the density and forward scattering nature of the smoke plume is evident
in the top right quadrant of the polar plot, with enhanced smoke reflectance values exceeding 0.6, much
higher than the relatively smoke-free sky in the backward scattering domain (R0.47μm~0.2–0.3). To aid
the interpretation of R0.47μm and its angular distribution shown in the polar plot, we also show the false-
color imagery (in polar form) with CAR viewing downward toward surface (from Circle 1), see supporting
information Figure S1. As discussed earlier, the majority of the smoke plume is located below the
starting altitude of Circle 1. Overall, scattering due to smoke at the shorter wavelengths (e.g., 0.47μm as
observed in Figure 2b) is quite consistent with the pattern of false-color imagery (Figure 2a), resulting in
an enhanced blue hue.

Figure 1. (a) Widespread forest fire smoke plumes on 30 June 2008 (from Aqua/MODIS imagery) stretching across hundreds of kilometers over Saskatchewan,
with Cold Lake (origin of flight #2016) situated just outside the southwestern edge of the region. Airborne pictures of (b) forest fire smoke on 30 June 2008 and
(c, d) clouds embedded in smoke on 2 July 2008 (flight #2017).
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The presence of clouds appears to be masked by the strong scattering of smoke particles at 0.47μm, which
prompted us to analyze the reflectance at longer wavelengths. For instance at 1.66μm, the smoke plume is
nearly transparent, whereas the presence of clouds is evident as enhanced scattering is seen around the
periphery, with R1.66μm> 0.7 (60°< θ< 80°, 25°< φ< 35°) (Figure 2c). The fact that clouds are not visible at
the shorter wavelengths also suggests darkening, especially around blue wavelengths, as these clouds are
embedded in thick smoke. To further highlight the impact of clouds embedded in smoke, we calculated
the slope of reflectance across six wavelengths from 0.47μm to 1.66μm (dR/dλ), to readily differentiate
between clouds and cloud-free smoke. For instance, the dark blue region in the first quadrant of Figure 2d
represents smoke associated with a strong negative slope value of 0.3, in contrast to the positive slope
(exceeding 0.1) for clouds embedded in smoke. In other words, the spectral reflectance of smoke is observed
to strongly decrease with increasing wavelength, whereas clouds embedded in smoke are characterized by
an increasing gradient. These observations of the spectral reflectance gradient, mapped onto the polar plot,
not only help to provide semiquantitative information of smoke loading but also help us to detect clouds in
the presence of smoke.

Spectral observations for smoke-only conditions are also studied, when viewing the sky (Figure 3a) and vege-
tated surface (Figure 3b). As a case study from flight #2017/Circle 3, Figure 3a show the spectral reflectance at
eight channels from 0.34μm to 1.27μm, for varying azimuthal angles (45°<φ< 270°) at a fixed viewing
zenith angle (θ = 60°). The smoke reflectance is observed to be systematically decreasing from shorter visible

Figure 2. (a) False-color imagery from three CAR channels, with reflectances at 1.04 μm, 0.87 μm, and 0.47 μmdisplayedwith red, green, and blue colors, respectively.
Here the x axis indicates the time (in UTC) during the circular measurements spiraling down. The y axis corresponds to downwelling radiation at the sensor
zenith angles from 0° to 90° (0° corresponds to zenith), and upwelling radiation from the surface from 90° to 180°. Angular distribution of scattered radiation in Circle
3 from CARmeasurements of sky (0°< θ< 90°) at (b) 0.47 μm, and at (c) 1.66 μm, for all φ from 0° to 360°. (d) Slope of reflectance across six wavelengths from 0.47 μm
to 1.66 μm (dR/dλ) to help differentiate between clouds embedded in smoke (positive slope) and cloud-free smoke (negative slope). In all polar plots, the
viewing zenith angle is represented as the radial distance from the center toward the periphery and the azimuth as the arc length on the respective zenith circle. The
principal plane is within the 0°–180° azimuthal plane with the Sun located in the 180° azimuthal direction. Using this convention, the upper half of the polar plots
represents forward scattering and the lower half backscattering.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025309

GAUTAM ET AL. CLOUDS EMBEDDED IN SMOKE 5



wavelengths (0.47μm) toward longer wavelengths (this decrease is typically associated with presence of fine
particles), which is consistent with the strong negative gradients indicated by Figure 2d. The strong forward
scattering of aerosols and the resulting enhanced reflectance is evident in the spectral reflectance curves
(Figure 3a) being highest at smallest azimuth angle (φ= 45°), whereas lower reflectances are observed in
the backward scattering domain (e.g., φ= 180°).

Similarly, a negative slope is also found for CAR spectral reflectancemeasurements over the surface (Figure 3b),
which is mostly dominated by vegetation/forest cover (with some water bodies also present in the
mixed scene). In general, a decreasing tendency is systematically observed from blue to red channels,
while there is an increase in reflectance at NIR wavelengths suggesting the apparent presence of vege-
tation. These measurements are obtained from the topmost Circle 1 overlooking the surface (with smoke
between the aircraft level and surface). The altitude of the aircraft varied from 3030m to 2310m during
the Circle 1 spiral. Considering the vegetated surface below, one would expect lower reflectance values
at shorter wavelengths (e.g., blue bands) in comparison to much higher reflectances at longer wave-
lengths (e.g., NIR bands). However, the observations depicted in Figure 3b are during the presence of
heavy smoke aerosols over a vegetated surface. Since vegetated surface is relatively dark at shorter
wavelengths, the enhanced reflectance observed by the sensor is associated with smoke aerosol scatter-
ing. Therefore, due to the aerosol-induced enhancement at shorter wavelengths, comparable or even
higher values of reflectance are observed at the blue channel (0.47 μm) relative to NIR channels (0.87 μm
and 1.04 μm).

Figure 3. CAR spectral observations for smoke-only conditions in the (a) sky and over (b) vegetated surface, from flight
#2017/Circle 3, for varying azimuthal angles (45°< φ< 270°) at a fixed viewing zenith angle (θ = 60°). Spectral reflectance
from sky measurements of (c) clouds embedded in smoke from flight #2017/Circle 3, indicating the characteristic VIS-NIR
gradient, and (d) clouds outside of the smoke plume region with a flat spectral signature.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025309

GAUTAM ET AL. CLOUDS EMBEDDED IN SMOKE 6



It is interesting to note here (Figures 3a and 3b) the increase in reflectance across the UV channels (in some
cases from UV to blue, i.e., from 0.34μm to 0.47μm), suggesting enhanced absorption toward the UV
wavelengths. This spectral absorption occurring in the UV could be due to the significant presence of organic
aerosols found in biomass burning smoke plumes as reported by several in situ studies from ARCTAS/Canada
measurements [Kondo et al., 2011; Cubison et al., 2011; Corr et al., 2012]. In fact, in their ARCTAS study, Kondo
et al. [2011] concluded that organic aerosols constituted the majority of aerosol mass (in the submicron
range) in biomass burning wildfire smoke plumes. In addition, Corr et al. [2012] reported strong spectral
absorption associated with biomass burning aerosols with 2–3 times larger absorption in the UV wavelengths
than in blue, primarily due to organics in the ARCTAS/Canada and California plumes. In an earlier study, wide-
spread organic aerosol concentrations have also been reported over marine stratocumulus cloud decks off
the coast of California [Sorooshian et al., 2007]. Organic aerosols found in biomass burning smoke are widely
recognized to exhibit strong wavelength dependence, approximately λ!2, with enhanced light absorption in
the UV [Kirchstetter et al., 2004]. Overall, these studies point to the strong possibility of organics causing our
observations of reduced UV reflectances for smoke.

In contrast to the negative slope across blue to NIR spectrum for (cloud-free) smoke aerosols, clouds
embedded in smoke show a characteristic positive gradient, with reduced reflectances in the shorter wave-
lengths (Figure 3c). Especially low values were observed for UV and blue reflectance (R0.34μm< 0.2 and
R0.47μm ~0.5), as opposed to higher reflectances ~0.7 in the NIR channels (e.g., 1.03μm). Due to the enhanced
absorption at shorter (UV and blue) wavelengths, clouds embedded in smoke appear darker, resulting in a
strong reflectance gradient across UV-VIS-NIR. These observations are for the broken cloud cover found in
the periphery of the polar plot and previously seen in the false-color imagery (Figure 2). We also studied
the spectral reflectance of clouds not impacted by the influence of smoke (i.e., outside of the pyroconvective
region), during the flight #2016 track, which shows a relatively flat reflectance spectrum across VIS-NIR
(Figure 3d). These observations from a “clean” cloud are expected when viewed in the absence of smoke,
as clouds are typically spectrally invariant up to NIR.

In addition to darkening of clouds observed during the spirals, similar cases were found elsewhere from the
same flight during a linear transect (when there was little variation in the altitude of the aircraft). Figure 4
shows optically thick continuous cloud cover embedded in smoke, seen as yellowing hue in the false-color
imagery, from flight #2016. Thick smoke is prevalent near the underlying surface and extends to elevated
altitudes above aircraft level (the aircraft altitude is around 810m). To derive more quantitative insight, we
extracted spectral reflectances over two transects in the cloud-free smoke (transect 1) and cloud mixed with
smoke (transect 2) in the sky. Unlike the clouds (mixed with smoke) viewed at oblique angles (found in the
periphery of the polar plot, Figure 2d), the Sun-sensor geometry in the case of two transects is fixed at
θ = 31°, φ= 52°, and θo = 34° (Figure 4, inset). Spectral reflectances for clouds embedded in smoke show
the characteristic positive slope across UV-VIS-NIR (transect 2), whereas a general decreasing pattern occurs
in the case of smoke (transect 1). The shaded areas in Figure 4 (inset) represent the ±1 standard deviation of
spectral reflectances from 0.34μm to 1.27μm.

3.2. The 1-D and 3-D Radiative Transfer Simulations

We also used a 1-D radiative transfer (RT) model to simulate the observed darkening of clouds embedded
in smoke at shorter wavelengths. Here the Discrete Ordinates Radiative Transfer (DISORT) model [Stamnes
et al., 1988] was used to calculate reflectances at eight wavelengths from 0.34μm to 1.27μm for “smoke
mixed with cloud” and “clean cloud” scenarios (Figure 5). In our RT calculations, we set θ = 110° as the down-
welling radiation is propagating in the lower hemisphere toward the sensor (θ =110° in DISORT is equivalent
to the CAR scan angle of θ = 70°), with θo = 33° and φ= 26°, similar to CAR measurements from flight
#2017/Circle 3 on 2 July 2008 (Figure 3c). The top layer in the RT calculations corresponds to a cloud layer,
while the aerosol layer is placed between the cloud and sensor. Given this configuration, the performed
calculations essentially are transmittance calculations as the sensor is measuring the radiance below the
cloud and aerosol layers. However, to be consistent throughout the paper, we refer to the transmittance as
reflectance even when the sensor measures downwelling radiance viewing the cloud-free/cloudy sky. The
Legendre coefficients input to the RT model were calculated from Wiscombe’s [1980] Mie code for spherical
cloud droplets with a modified gamma size distribution and for aerosols with a lognormal size distribution. The
Mie phase function calculations were performed for varying cloud effective radius (CER) from 8μm to 12μm.
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A reference vegetation surface reflectance spectra was used in the RT calculations, assuming a Lambertian
reflector, as we are only simulating the sky reflectance.

In order to focus on aerosol radiative effects, no water vapor absorption and Rayleigh scattering inputs were
provided to DISORT. The aerosol single scattering albedo at 0.55μm was set to 0.88, based on the mean
single scattering albedo obtained from the coincident measurements of scattering and absorption coeffi-
cients from in situ measurements (from Circle 1 to Circle 3), on board the P-3 aircraft, alongside CAR measure-
ments. In Figure 5a, RT-calculated reflectances are shown for a cloud optical depth of 5 and CER of 8μm,
with the optical depth of the aerosol layer varying from 0 to 1.5. In contrast to the relatively insensitive NIR

Figure 5. The 1-D RT sensitivity calculations of spectral reflectance for (a) smoke mixed with cloud and (b, c) clean cloud scenarios (no aerosol input), with
Sun-sensor geometry similar to CAR measurements from flight #2017 on 2 July 2008 (θo = 33°, θ = 70°, and φ = 26°). In the 1-D calculations, θ is set to 110° as
the radiation is propagating in the lower hemisphere toward the sensor (equivalent to the CAR scan angle, θ = 70°). Radiance calculations were performed by
varying (Figure 5a) AOD from 0 to 1.5 at 0.5 μm with fixed COD = 5 and CER = 8 μm, (Figure 5b) COD from 5 to 8 (no aerosol and CER = 8 μm), and (Figure 5c)
CER from 8 to 14 μm (no aerosol and COD = 5).

Figure 4. CAR observations of optically thick clouds embedded in smoke revealed by a yellowing hue in the false-color
imagery, from flight #2016 on 30 June 2008. (inset) Spectral reflectances over two transects in the cloud-free smoke (green)
and cloudmixed with smoke (brown) regions in the sky. Sun-sensor geometry for the two transects is given by θ = 31°, φ = 52°,
and θo = 34°. Shaded area represents the ±1 standard deviation of spectral reflectances from 0.34 μm to 1.27 μm.
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wavelengths (>1μm), reflectance at the UV-VIS bands are associated with enhanced absorption, resulting in
a significant positive gradient (Figure 5a), as also observed from CAR measurements. Essentially, the area
between the two curves for AOD= 0 and AOD=1.5 denotes the energy absorbed by the smoke layer
between the sensor and cloud. The characteristic UV-VIS-NIR gradient is similar to that for aerosols above
marine stratocumulus decks over the southeast Atlantic, apparent in spaceborne measurements from the
hyperspectral SCIAMACHY and multispectral MODIS instruments [de Graaf et al., 2012; Jethva et al., 2013].
Note that in supporting information Figure S2, we also show the impact of aerosol absorption on cloud dar-
kening, with the sensor viewing the cloud from top and smoke present above the cloud layer, similar to a
satellite TOA perspective. The darkening induced by aerosol absorption is amplified with increasing cloud
layer thickness due to enhanced interactions between a bright surface (clouds) and an overlaying absorbing
medium (smoke).

Also shown in Figure 5 are scenarios when the aerosol layer is absent with only clouds viewed from the sen-
sor, for varying cloud optical depth (COD) from 5 to 8 (Figure 5b) and CER from 8μm to 14μm (Figure 5c).
Without the presence of aerosols, as expected, reflectances at the longer (NIR) wavelengths are most sensi-
tive to variations in cloud droplet size (COD fixed at 8 in Figure 5c), whereas the sensitivity to varying optical
depths (COD from 5 to 8) results in significant perturbations in the entire UV-NIR range in Figure 5b. However,
the shape of spectral reflectance remains flat, suggesting a uniform change in the brightness of cloud in
response to its varying thickness.

Furthermore, we performed 3-D RT model calculations toward a more realistic characterization of CAR-
observed reflectances, as the clouds visible in Figures 2 and 3 are clearly not occurring in homogeneous
layers. We employ 3-D RT simulations using the Monte Carlo technique [e.g., Marchuk et al., 1980]. The
Monte Carlo model is a modified version of the code used in several earlier studies, including Várnai and
Marshak [2002], and has also been tested in the Intercomparison of 3-D Radiation Codes project [Cahalan
et al., 2005]. The actual code used in this study was also tested for 1-D calculations through comparisons with
the DISORT model. In order to restrict simulation uncertainties under 0.5%, each result is based on 4 million
photon trajectories in backward Monte Carlo simulations.

The Monte Carlo setup includes the altitude difference between the aircraft at 1 km and cloud base at 2 km.
The viewing zenith angle of 70° (20° above the horizon) is similar to the CAR measurements and the 1-D
calculations and implies a horizontal distance between the sensor and the cloud of about 2.7 km. The cloud
size was assumed to be of 3 km× 3 km× 1 km, whereas the instrument position (km) was fixed at x= 0, y= 1,
and z=1 in the 3-D space. We placed the cloud extent (km) within x= 4–7, y= 1–4, and z= 2–3, and given the
observational Sun-sensor geometry, the sensor essentially is viewing the side of the cloud at an oblique angle
(with the sensor positioned below the cloud layer). For simplicity, results shown here correspond to cloud
absorption kept at 0 and COD fixed at 8 (we performed calculations for varying COD from 5 to 8 without
any significant changes to the spectral reflectance shape for different CODs). All simulations used CER of
8μm. Additionally, the cloud scattering phase function was allowed to vary slightly with wavelength accord-
ing to Mie theory. The aerosol layer was placed between the sensor and the cloud field, and calculations were
performed for spectral AOD shown in Figure 7b, with AOD at ~0.5μm of 1.5, obtained from spectral AOD
measurements coincident with CAR (Figure b). Based on data from Circle 3, spectral AOD at 0.35μm and
1.6μm ranged from 2.85 ± 1.35 to 0.18 ± 0.11.

The results of Monte Carlo simulations are shown in Figure 6, where a strong positive gradient is associated
with the absorbing aerosol layer present between the sensor and cloud field (red). The simulated spectral
reflectance mimics the CAR observations previously seen in Figure 3c. The large aerosol absorption impact
in the UV-blue spectrum is seen in the simulated low reflectance values of 0.23 and 0.55 at 0.34μm and
0.47μm, respectively. This is in sharp contrast to a clean cloud scenario where the 3-D simulations also point
to a flat spectral shape (blue). As expected, the radiative effect of aerosols significantly reduces at NIR wave-
lengths, where the two curves start to converge around 1.2μm. In these simulations the aerosol SSA was 0.81
at 0.34μm, 0.84 at 0.38μm, and 0.88 at 0.47μm (based on ABS measurements); a linear interpolation was
used to reach SSA= 1.0 at 1.6μm. The asymmetry parameter was considered to be wavelength dependent,
varying from 0.7 at 0.34μm, 0.6 at 0.5μm, and ~0.3 at 1.6μm. These calculations did not consider any
Rayleigh scattering inputs. Inclusion of Rayleigh scattering resulted in a small decrease in reflectances at
the shorter wavelengths, e.g., further reducing the value at 0.34μm from 0.23 to 0.15 (not shown). Overall,

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025309

GAUTAM ET AL. CLOUDS EMBEDDED IN SMOKE 9



based on the Monte Carlo results in this
study, the 3-D effects did not change the
qualitative behavior of cloud-aerosol
radiative interactions. While the basic beha-
vior remained the same (in comparison to
1-D calculations), as noted above there
were some quantitative changes due to
the 3-D setup that affected the specific
reflectance values.

4. Discussion and Summary

Overall, the moderately absorbing smoke
(with mean SSA of 0.88 ± 0.19 at 0.53μm)
coupled with high AOD (1.5 ± 0.7 at
~0.5μm) leads to significant solar absorp-
tion, suggesting a large direct aerosol radia-
tive effect in the presence of clouds.We also
retrieved AOD and SSA using a bidirectional
reflectance model [Ahmad and Deering,
1992] that took all the available angular
reflectance measurements from CAR as
input (see supporting information). This
model provides an approximate solution

based on analytical functions and is capable of detecting hot spot and specular reflectance of the underlying
vegetated surface. The AOD retrieved here corresponds to the entire column from the aircraft down to the
surface level. The approximation yielded a close agreement with the observed data (SSA retrieved within
0.86–0.89, and AOD within 1.21–1.81 at 0.47μm), as discussed in the supporting information.

In addition to simultaneous measurements from CAR and AATS (and aerosol absorption), coincident down-
welling solar irradiance measurements from a broadband radiometer at the aircraft level also provided
an independent estimate of the direct aerosol radiative effect. Figure 7a shows downwelling irradiance
(Wm!2) as a function of AOD at 0.52μm from the AATS, both obtained during nearly coincident measure-
ments from Circle 3. A total of 26 direct Sun measurements yielded in corresponding AOD ranging from
0.6 to 3.2, available from Circle 3 (Figure 7b). The instantaneous aerosol radiative forcing efficiency, from

Figure 6. Monte Carlo 3-D radiative transfer calculations for cloud only
(blue) and smoke mixed with cloud (red), indicating flat spectrum for
clouds and a strong spectral gradient associated with cloud darken-
ing, respectively. Reflectance calculations were performed for AOD of
1.5 at ~0.5 μm, obtained from spectral AODmeasurements from AATS,
coincident with CAR.

Figure 7. (a) Instantaneous aerosol radiative forcing efficiency of 254 ± 47Wm!2 τ!1 (flux per unit aerosol optical depth)
derived from coincident measurements from AATS and BBR at the aircraft level/Circle 3, with AOD at ~0.5 μm. (b) Spectral
AOD measurements from the AATS instrument, coincident with CAR data. The average AOD for the entire Circle 3 is
1.5 ± 0.7 at ~0.5 μm, while the spectral AOD from 0.35 μm to 1.6 μm ranged from 2.85 ± 1.35 to 0.18 ± 0.11. The error bars
represent the standard deviation of AOD values.
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colocated AOD and flux measurements, can be approximated as 254 ± 47Wm!2 τ!1, indicated by the slope
of the linear regression between AOD and downwelling irradiance. The flux data were normalized by the
cosine of the solar zenith angle, though there was little variation in θo of around 33°, as the Circle 3 measure-
ments spanned a short time period of ~2 min. In response to the variations in AOD from 0.6 to 3.2, there is a
large reduction of downwelling irradiance from ~1100Wm!2 to ~400Wm!2. Although the radiative forcing
efficiency estimate is based on a linear fit, we use caution here with our reported efficiency value as the flux
measurements were obtained during the spiral descent. The flux data have not been corrected for the
attitude of the aircraft as these corrections are particularly difficult to make during a spiral (A. Bucholtz,
Naval Research Laboratory, personal communication, 2016).

One of the widely recognized pathways of cloud and aerosol radiative interactions is through the semidirect
effect, where the radiative heating due to absorbing aerosols (e.g., soot) may lead to changes in cloud cover
[e.g., Ackerman et al., 2000]. For example, the Indian Ocean Experiment study by Ackerman et al. [2000]
showed reduction in cloudiness due to atmospheric warming induced by black carbon aerosols, leading to
cloud burnoff. The semidirect effect of absorbing aerosols may also depend on the vertical distribution/
location of aerosols in the presence of clouds. Absorbing aerosols found above stratocumulus cloud decks
darken the scene at TOA, but the aerosol-induced warming above clouds acts to lower cloud top entrainment
rate thereby enhancing cloud cover [Johnson et al., 2004; Wilcox, 2010], in contrast to the cloud burnoff
response. Based on the cases studied in this ARCTAS analysis, “clouds embedded in absorbing aerosols”
are likely to have relevance to the cloud burnoff semidirect effect. We have also carried out preliminary ana-
lysis of smoke aerosols above marine stratocumulus clouds using CAR multiangular measurements from the
Southern African Regional Science Initiative-2000 (SAFARI) campaign. Based on the limited available cases
studied from the ARCTAS and SAFARI data, the radiative signature of clouds embedded in absorbing aerosols
and above-cloud aerosols appears to be similar, suggesting aerosol-induced warming both above and within
the cloud layer. However, the varying magnitudes of absorbing aerosol-induced warming within or above
clouds may be important in determining the relative impacts of semidirect effects on the net changes in
cloud cover and properties.

To summarize, here we used multiangular airborne measurements (in spiraling mode), to demonstrate the
complexity of the strongly coupled aerosol-cloud system, from a three-dimensional radiation perspective.
In particular, CAR observations allowed us to characterize the angular distribution of optically thick smoke,
where clouds embedded in wildfire smoke were found to be associated with a strong UV-VIS-NIR spectral
gradient. The largest darkening by smoke was found in the UV/VIS, with reflectance at 0.34μm reducing to
0.2 (or 20%), in contrast to 0.8 at NIR wavelengths (e.g., 1.27μm). Results presented in this study also
include observations in the side-scattering domain, with potential implications to aerosol-induced semidirect
effects as well as to retrievals of cloud droplet size from side-scanning remote sensing [Martins et al., 2011].
Our observations of smoke-cloud radiative interactions were found to be physically consistent with
theoretical 1-D and 3-D radiative transfer calculations, capturing the observed spectral gradients. This work
also suggests the importance of multiangular radiation measurements toward a future potential closure
investigation to fully study the aerosol-cloud-radiation interactions, in combination with in situ observations
of aerosol/cloud microphysics.
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